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High pH (>12) leachates are an environmental problem associated with drainage from 
lime (CaO)-rich industrial residues such as steel slags, lime spoil and coal combustion 
residues. Recent research has highlighted the potential for natural (‘volunteer’) 
wetlands to buffer extremely alkaline influent waters. This is ascribable to high CO2 
partial pressures in the wetland waters from microbial respiration, which accelerates 
precipitation of calcium carbonate (CaCO3), and the high specific surface area for 
mineral precipitation offered by macrophytes. The research presented here builds on 
this and provides preliminary evaluation of a constructed wetland built in March 2008 
to buffer drainage from steel slag heaps in north-east England. The slag drainage 
waters into the wetland are characterised by a mean pH of 11.9, high concentrations of 
Ca (up to 700mg/L), total alkalinity (up to 800mg/L as CaCO3) and are slightly 
brackish (Na = 300 mg/L; Cl = 400mg/L) reflecting native groundwaters at this coastal 
setting.  Documented calcite precipitation rates (mean of 5g CaCO3/day/m2) from 
nearby volunteer sites receiving steel slag drainage were used to scale the constructed 
wetland planted with Phragmites australis; a species found to spontaneously grow in 
the vicinity of the discharge. The importance of biological activity in improving rates 
of calcite precipitation and thus lowering of pH is stressed. Secondary Ca-rich 
precipitates also serve as a sink for some trace elements present at low concentrations 
in the slag leachate such as Ni and V.  The implications for scaling and applying 
constructed wetlands for highly alkaline drainage are discussed.  
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INTRODUCTION 
Highly alkaline drainage can occur through the 
weathering of severally globally important 
industrial residues. These include lime-rich 
industrial by-products such as steel slags (e.g. 
Mayes et al., 2008), fly ash (e.g. Carlson and 
Adriano, 1993), cement and lime spoil (e.g. 
Mayes et al., 2005) and Solvay waste (e.g. 
Jadeja & Tewari, 2007), where the alkalinity is 
generated through the weathering of lime and 
subsequent dissociation of portlandite in solution 
(equations 1-2). Highly alkaline waters are a 
multifarious source of pollution. High pH (>9) 
itself can be directly toxic to higher aquatic 
fauna such as salmonids (Wilkie & Wood, 1996), 
while rapid rates of calcium carbonate 
precipitation smother benthic habitats and 
reduce light penetration to primary producers 
(e.g. Effler, 1996; Koryak et al., 2002). In 
addition, elevated sulphate concentrations and 
the presence of some anionic / amphoteric 
metals or metalloids such as As, Cr, Ni and V 
can be of significance to aquatic biota and 
compliance with regulatory discharge and 
surface water standards.   
 
CaO+ H2O → Ca(OH) 2 (1) 
Ca(OH)2 → Ca2+ +  2OH- (2) 
 
Management options for highly alkaline waters 
generally fall within three categories: 1) direct 
chemical neutralisation (e.g. Forbes et al., 1981), 
2) aeration/CO2 sparging to encourage calcium 
carbonate precipitation (which consumes  
 
constituents of sample alkalinity: e.g. Schramke, 
1992; Roadcap et al., 2005) and 3) dilute and 
disperse (e.g. Føllesdal, 2005). The latter is the 
most commonly adopted course of action at 
abandoned industrial sites where legal liabilities 
for clean-up are either absent or unclear.  
Observations from volunteer wetlands, i.e. 
naturally occurring wetlands that receive 
extremely alkaline drainage waters, have shown 
the potential for wetlands to buffer highly 
alkaline influent water and represent a potential 
low-cost, environmentally sensitive approach to 
remediation of highly alkaline drainage (Mayes 
et al., 2005; 2006). The buffering properties of 
wetland soils are widely regarded (e.g. 
Ponamperuma, 1972; Dunbabin & Bowmer, 
1992), with alkaline influent waters buffered by 
a combination of: 1) high partial pressures of 
carbon dioxide (pCO2) in wetland waters and 
substrates (e.g. Boyer & Wheeler, 1989), arising 
from both aerobic and anaerobic microbial 
respiration, which depress pH and can also 
accelerate rates of calcium carbonate (CaCO3) 
precipitation, 2) cation exchange, and 3) the 
release of organic acids (e.g. Ross, 1996). 
Building on the documented buffering process in 
natural systems receiving high pH waters, this 
paper presents current research describing the 
baseline water quality, the design and 
preliminary performance of a constructed pilot-
scale aerobic reedbed treating highly alkaline 
steel slag drainage at Coatham Marsh, northeast 
England. To the authors’ knowledge this is the 
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first wetland constructed to specifically address 
problems of high pH in industrial drainage in the 
UK.  
 
MATERIALS & METHODS 
 
Study site 
Coatham Marsh is a wetland nature reserve 
which forms part of the wider Teesmouth and 
Cleveland Coast Ramsar site situated on a low-
lying coastal plain near Redcar in northeast 
England (Figure 1).  The area has a long 
industrial influence dating back to 16th Century 
salt diggings, while since the middle of the 19th 
Century iron and steel making has predominated. 
There has been extensive deposition of industrial 
wastes at the site, including iron and steel slags, 
municipal wastes and construction and 
demolition wastes. These wastes overlie 
superficial alluvium and glacial boulder clay 
which in turn lie above Rhaetic Beds and Keuper 
Marl of Triassic age. The groundwater table lies 
close to the ground surface across much of the 
marsh, and as such there is perennial percolation 
of alkaline leachate from slag mounds deposited 
close to ground level at several locations. Two 
discharges of alkaline leachate enter a 0.5km 
length of surface channel to the south of the site 
draining steel slag mounds (Figure 1). 
Background hydro-geochemical assessment of 
the area (see Mayes et al., 2008) had focussed on 
a control sample station (CM1), two distinct 
leachate source zones (CM2_IN and CM3) and a 
sample station downstream of the leachate 
emergence (CM4) prior to discharge into a lake.  
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Figure 1. Location map of the Coatham Marsh steel slag leachate discharges. Colour Hillshade 
processing of LIDAR elevation data details site terrain.  
 
Sampling and analyses 
On-site measurements of major physico-
chemical parameters (pH, electrical conductivity, 
Eh relative to a H2 electrode and water 
temperature) were undertaken using a Myron L 
Ultrameter® calibrated on each sample day with 
pH 4, 7 and 10 buffer solutions and a 1413µS 
conductivity standard.  Sample alkalinity was 
assessed in the field using a two-stage titration 
against 1.6N H2SO4 with phenolphthalein (to pH  
 
8.3) and bromocresol green-methyl red 
indicators (to pH 4.6) to facilitate calculation of 
the constituents of sample alkalinity (i.e. 
hydroxyl, carbonate and bicarbonate alkalinity). 
For each sample, three polypropylene bottles 
were filled, one of which was acidified with 
trace analysis grade concentrated nitric acid (for 
total cation and trace element analysis), one of 
which was filtered (with 0.45-μm cellulose 
nitrate filters) prior to acidification (for 
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dissolved cation and trace element analyses) and 
the other left untreated (for anion analysis). 
Major anion concentrations were determined 
using a Dionex 100 Ion Chromatograph and 
cation and minor element concentrations using a 
Varian Inductively Coupled Plasma Optical 
Emission Spectrometer (ICP-OES). Reliability 
of sample analyses was tested by comparison 
with certified reference materials and charge 
balance calculations. Hydrochemical data were 
analysed using the geochemical code PHREEQC 
v.1.5.10 (Parkhurst and Appelo, 1999) with the 
WATEQ4F database to calculate saturation 
indices (SI) of relevant mineral phases on a log 
scale.  
 
RESULTS AND DISCUSSION 
Background hydro-geochemistry 
The typical composition of the slag leachate  
 
waters is presented in Table 1. The data show 
the waters to be dominated by Na+ and Cl-, 
typical of brackish waters at this coastal setting. 
The leachate sources at CM2_IN and CM3 in 
particular add Ca-OH type groundwater from 
slag mounds and raise pH, alkalinity and Ca2+ 
content of the waters, while also diluting slightly 
the concentrations of most other major ion 
species. The leachate has a clear influence in 
elevating the SIcalcite of the waters (to peak 
values of +3.3 at CM3 – see Table 2) which 
results in the rapid precipitation of calcite-
dominated crusts along the wetted perimeter of 
the ditch. This calcite precipitation process 
consumes the carbonate ion from solution 
(which ionises from bicarbonate in the 
groundwaters and through the slow diffusion of 
atmospheric CO2 into solution – equations 3-6).  
 
Table 1. Mean hydrochemical composition at the Coatham Marsh sample stations. See Figure 1 for 
locations. Data presents total values except ‘CM2_IN (filtered)’.  ‘<’ denotes all values were below the 
given limit of detection. Standard error of the mean is presented in parenthesis. n = 20 for CM1, CM3, 
CM4; n = 14 for CM2_IN and CM_OUT.  
Determinand CM1 CM2_IN CM2_OUT CM3 CM4 CM2_IN 
(filtered) 
Flow (L s-1) 0.03 0.03 0.03 1.2 1.2 - 
pH 7.9 (0.2) 11.4 (0.1) 10.4 (0.4) 12.2 (0.8) 11.4 - 
Temperature (oC) 10.4 (0.6) 10.9 (0.9) 14.5 (0.8) 15.6 (0.2) 12.8 (1.4) - 
Specific conductance
(μS) 
 2203 (44) 3486 (445) 3308 (451) 9402 (760) 6408 (477) - 
p.e. (V) 1.2 (0.2) -0.3 (0.2) -0.5 (0.4) -3.6 (0.2) -3.5 (0.5) - 
Major ions mg/L       
Ca 40 (2) 286 (160) 189 (89) 768 (74) 511 (79) 128 (14) 
Mg 9 (0.3) 2.4 (0.1) 2.3 (0.6) 0.1 (0.1) 0.4 (1) 0.8 (0.7) 
K 129 (3) 132 (4) 129 (4) 133 (8) 124 (18) 131 (5) 
Na 316 (8) 326 (7) 315 (9) 288 (9) 273 (8) 326 (13) 
Cl 421 (9) 356 (6) 354 (12) 363 (10) 312 (6) 366 (33) 
SO4 138 (6) 59 (5) 40 (2) 57 (3) 46 (17) 58 (8) 
Total Alkalinity 177 (3) 635 (108) 570 (90) 2090 (63) 1330 (17) - 
OH modelled 0.02 (0.01) 43.4 (25) 1.4 (0.8) 765.5 (120) 341.7 (126)  
CO3 modelled 0.5 (0.4) 354.0 (105) 154.8 (64) 1045.0 
(107) 
610.3 (166)  
HCO3 modelled 175.0 (40) 176.5 (48) 383.1 (66) 86.2 (20) 12.6 (4)  
Trace elements (μg/L)       
Al 320 (120) 706 (170) 170 (50) 615 (310) 155 (60) 169 (54) 
B 140 (8) 39 (23) 36 (4) 28 (12) 25 (80) 37 (10) 
Ba 830 (120) 120 (30) 86 (23) 334 (230) 260 (12) 74 (15) 
Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Cr <5 <5 <5 <5 <5 <5 
Cu 40 (13) 70 (35) 15 (1) 60 (21) <5 10 (4) 
Fe 920 (340) 569 (170) 986 (98) 505 (300) 129 (40) 151 (28) 
Mn 170 (10) 253 (41) 145 (38) 16 (4) 39 (10) 102 (35) 
Mo <5 <5 <5 <5 <5 <5 
Ni 20 (10) 40 (19) 12 (7) 70 (27) <10 <10 
Pb 20 (5) 10 (1) <5 <5 <5 <5 
Si 2100 (230) 3460 (300) 6915 (1830) 1810 (230) 1301 (400) 2522 (381) 
Sr 310 (70) 489 (100) 392 (140) 1790 (180) 1480 (360) 393 (45) 
V 40 (30) 20 (3) 10 (4) 80 (13) 21 (12) 18 (8) 
Zn <5 <5 <5 <5 <5 <5 
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CO2  (g)   →   CO2  (aq)      (3) 
 CO2  (aq) +  H2O ↔ H2CO3     (4) 
H2CO3  ↔ H+  +  HCO3-    (5) 
HCO3-     + OH-  →  H2O   +      CO32-     (6) 
Ca2+   +  CO32-  ↔ CaCO3o    (7) 
 
The leachate sources are also rich in Fe, Al and Si which comprise major volumetric components of 
steel slags (e.g. Roadcap et al., 2005). Fe is present in total concentrations up to 1.5mg/L at CM2_IN, 
the bulk of which is accounted for by particulate phases (see difference between total and filtered 
analyses in Table 1) most likely in the form of the range of oxide/hydroxide phases which geochemical 
modelling predicts to be present (Table 2). Al and Si are also present predominantly in particulate 
phases in total concentrations up to 2.0 and 8.3mg/L respectively. A range of calcium silicates and 
aluminium oxides/hydroxides are also predicted present by modelling (Table 2). 
 
Table 2. Solid phases predicted in typical samples from Coatham Marsh by geochemical modelling.  
Phase CM1 CM2_IN CM2_OUT CM3 CM4 
Adularia [KAlSi3O8] 1.05 0.18 1.28 -3.77 -6.48 
Annite [KFe3AlSi3O10(OH)2] 0.52 7.00 12.69 -3.93 4.24 
Aragonite [CaCO3] -0.46 2.14 1.63 3.11 3.00 
Brucite [Mg(OH)2] -6.52 -2.27 -3.28 0.41 0.00 
Calcite [CaCO3] -0.31 2.29 1.58 3.26 2.94 
Chrysotile [Mg3Si2O5(OH)4] -9.07 2.71 0.49 8.23 5.89 
Diaspore [AlO(OH)] 4.53 1.32 1.92 -0.10 -0.94 
Dolomite [CaMg(CO3)2] -1.16 2.02 1.70 3.26 3.34 
Fe(OH)2.7ClO3 6.37 5.88 7.03 4.32 3.78 
Fe(OH)3(a) 1.35 1.71 5.18 0.61 -0.03 
Fe3(OH)8 2.50 1.97 5.18 -2.61 -0.27 
Goethite [FeOOH] 6.51 7.25 8.23 6.20 5.55 
Hematite [ (Fe2O3] 14.93 16.46 18.44 14.36 13.07 
Leonhardite [Ca2Al4Si8O24:7H2O] 12.21 9.77 12.31 0.94 -8.02 
Maghemite [ (Fe2O3] 6.09 6.82 8.61 4.62 3.33 
Magnetite [Fe3O4] 16.44 17.23 20.75 12.80 15.14 
Ni(OH)2 -0.58 0.34 0.08 0.11 0.08 
Prehnite [Ca2Al2Si2O10(OH)2] -2.07 3.43 2.57 3.63 -0.82 
Sepiolite [Mg2Si3O7.5OH:3H2O] -7.02 0.12 -0.68 1.71 -0.79 
Strontianite [SrCO3] -1.79 -0.21 -0.14 1.40 1.42 
Talc [Mg3Si4O10(OH)2] -7.46 4.07 2.81 7.15 3.68 
 
The waters were analysed for a range of minor and trace elements (Al, As, B, Ba, Cd, Co, Cr, Cu, Mn, 
Mo, Ni, Pb, Sb, Sr, Ti, V, Zn) with only Al, B, Ba, Cu, Mn, Ni, Pb, Sr, and V being recorded above 
detection limits (Table 1). The consistent presence (albeit at low concentrations below surface water 
quality standards – Mayes et al., 2008) of B, Ba, Ni and Sr suggests that their source lies with the slag 
mounds, particularly at the CM3 discharge which is enriched with Sr (up to 1.9mg/L) and Ba (up to 
0.5mg/L).  
 
Wetland design and construction 
Previous research (Mayes et al., 2008) had 
suggested the Coatham site was a suitable 
candidate for piloting a treatment wetland for 
numerous reasons: 1) the prevailing low leachate 
flow rates lend themselves to trialling a small 
system, 2) the variable leachate constituent, 
ascribable to groundwater table dynamics (i.e. 
elevated water table leads to weathering and 
flushing from zones of slag not perennially 
saturated), allows performance to be assessed 
under varying contaminant loads, 3) there is  
 
suitable low gradient land available for 
constructing a small treatment wetland near one 
of the discharges (CM2_IN), and 4) there are 
existing populations of macrophytes (principally 
Phragmites australis: Common Reed) which 
have spontaneously colonised and acclimatised 
in areas receiving extreme pH drainage waters 
ideal for transplanting to the constructed system. 
 
At present there are no clear design guidelines 
for constructed wetlands treating high pH 
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influent waters unless the main contaminant of 
concern is ammonia or nitrate, as is the case in 
some Solvay Process discharges. For the 
calcareous high pH waters in this case, the 
scaling of the system relied on monitored calcite 
precipitation rates in a volunteer wetland 
receiving similar slag drainage (Mayes et al., 
2006). These area-adjusted removal rates can be 
used to provide a precautionary, empirical value 
by which to scale a new site where influent 
chemistry and flow rates are known. Mean 
removal rates of 5g/m2/day were reported by 
Mayes et al. (2006) which suggested a modest 
required wetland size in the order of 5-20m2 for 
the low flow (baseflow is 0.5-2.5 litres per 
minute) CM2_IN discharge which had a mean 
Ca2+ influent of  60mg/L. A Ca2+ target effluent 
value of 30mg/L corresponds roughly to SIcalcite 
values where calcite precipitation becomes 
negligible (~ +0.3: Ford and Williams, 2007) in 
alkaline drainage waters (see Mayes et al., 2006; 
2008) and as such can be used to calculate 
required area using equation 8.  
 
a
tid
R
CCQA )( −=   (8) 
 
A =  area (m2); Qd = mean daily flow-rate 
(m3/day); Ci = mean daily influent contaminant 
concentration (mg/L); Ct = concentration of 
contaminant in final discharge (mg/L); Ra  = area 
adjusted contaminant removal rate (g /m2 /day). 
 
As a precautionary measure (accounting for 
peaks in flow) a rectilinear pond measuring 12m 
in length by 6m width was excavated 
downstream of CM2 in an area of land 
previously bunded with clay. This wetland was 
designed as a surface flow system lined with a 
1mm PVC liner. A mixed substrate of compost 
and indigenous clay was used to a depth of 0.2m 
leaving 0.3-0.5m of standing water across the 
wetland cell. Rhizome material and seedlings 
from adjacent stands of Phragmites australis and 
seedlings of Epilobium hirsutum (Great 
Willowherb) were transplanted to the wetland 
cell. A 90o V-notch weir was installed at the 
outflow of the constructed wetland to facilitate 
flow measurement while the inlet (CM2_IN) and 
outlet (CM2_OUT) of the cell were monitored 
on a weekly basis from April 2008. 
Simultaneous flow and water quality 
measurements permit mass balance calculations 
to determine loss of important chemical species 
(e.g. the constituents of sample alkalinity and 
Ca2+) from solution across the wetlands.  Under 
baseflow conditions the constructed wetland cell 
provides a residence time of approximately 7-8 
days. This provides a conservative contact time 
to that suggested to be necessary for organic 
substrates to buffer alkaline influent waters in 
laboratory batch trials that preceded the 
construction of the pilot system (~20 hours: 
Figure 2).  
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Figure 2. Buffering of highly alkaline steel slag 
drainage by three different treatments in 
laboratory batch trials (CONTROL = no 
substrate; LIMESTONE = inorganic CaCO3-rich 
substrate; ORGANIC = organic rich calcareous 
wetland substrate). 1 litre of leachate was added 
to 500g of each of the substrates.  Data shows 
mean of three replicates of each treatment with 
standard deviation on the y error bars. 
 
In addition to the constructed wetland cell 
downstream of CM2_IN, an area of 
spontaneously colonised reedbed downstream of 
the CM3 discharge was also appropriated for 
monitoring. While this area of reedbed through 
which the CM3 discharge flows is far from 
sufficient to buffer the waters to neutral pH 
(according to estimates based on calcite removal 
rates at an analogous volunteer system: Mayes et 
al., 2008), it does provide an additional cell for 
monitoring rates of alkalinity buffering over 
time in a comparatively mature ecosystem. The 
effluent to the appropriated wetland was 
instrumented to obtain flow records while inlet 
(mixed waters of effluent to the constructed 
wetlands and the CM3 discharge) and outlet 
(CM4) of the appropriated reedbed were also 
sampled on a weekly basis from April 2008 
(Figure 1).  
 
 
Preliminary performance data  
Major patterns Figures 3a-d show the variation 
in pH and total alkalinity in influent and effluent 
waters of each wetland cell since the start of the 
trial. Unlike many treatment wetlands where 
enhanced performance is documented in the 
immediate post-commissioning phase, which is 
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often a feature of sorption of inorganic metal 
contaminants onto the substrate (e.g. in mine 
drainage treatment wetlands: e.g. Younger et al., 
2002), for pH buffering there is no such 
‘honeymoon period’. The fall in pH in these 
calcareous systems is dependant on precipitation 
of calcite, a process which has two rate 
determining steps: 1) the diffusion of gaseous 
CO2 into solution (equation 3) and (2) the slow 
production of the carbonate ion in solution 
(equation 6). The calcite precipitation process in 
high pH waters appears to be enhanced where 
there is significant biological activity elevating 
partial pressures of CO2 in the water column 
(Mayes et al., 2006). In addition, accelerated 
calcium carbonate precipitation has been 
described elsewhere to be mediated by ureolytic 
subsurface bacteria (e.g. Fujita et al., 2000; 
Warren et al., 2001). As such, given the lack of 
biological activity in the early stages of this trial, 
the constructed wetland is effectively serving as 
a lagoon with a negligible fall in pH and driven 
solely by the in-gassing of atmospheric CO2 
(Figure 3a/c). The first month of the trial is 
characterised by very high pH waters throughout 
the system which are a legacy of the disturbance 
caused by the large volumes of groundwater 
pumped during system installation in which 
there was heavy rainfall. As the growing season 
commences (late April 08) the effluent alkalinity 
begins to diverge from the influent in both the 
CM2 and CM3 wetland cells. The influent 
waters themselves at CM2_IN begin to become 
less alkaline as groundwater head diminishes 
and thus reduces the rate at which leachate is 
produced at CM2_IN. Throughout the 
monitoring of the system to date there has been a 
modest fall in pH across both the constructed 
and appropriated wetlands. While we would not 
anticipate a major pH fall in the appropriated 
wetland due to size limitations, the pH buffering 
should become more pronounced in the 
constructed cell as the ecosystem matures. This 
will be a key focus for future monitoring at the 
site.  
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Figure 3. Variations in influent and effluent pH and total alkalinity across the two wetland cells at 
Coatham. 3a. pH in the constructed wetland, 3b. total alkalinity in the constructed wetland., 3c. pH in 
the appropriated wetland, 3d. total alkalinity in the appropriated wetland. 
  
A more informative measure of the initial 
effectiveness of the wetlands which takes into 
account variations in flow and influent 
concentration is the area adjusted calcite 
removal rate. Calculated using equation 8 and 
assuming loss of Ca2+ between consecutive 
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sample locations is as precipitated calcite (which 
x-ray diffraction and digestion of solid samples 
at the site suggests is fully justified – see Mayes 
et al. 2008), calcite precipitation rate across the 
constructed wetland and appropriated wetland 
are presented in Figure 4 alongside documented 
removal rates from a volunteer wetland 
receiving similarly alkaline slag leachate at 
Consett, UK (see Mayes et al., 2006).  The 
removal rates are presented as a function of 
influent Ca2+ concentration which accounts for 
much of the within-site variation in removal rate 
at the Consett (HV2 and HV3) samples.  
However, comparison of the Coatham CM3 
wetland data with the Consett and CM2 data 
shows a clear disparity, due to the far higher 
influent Ca2+ concentrations which fall to the 
right of the plot. Given the equivalent removal 
rates at far lower influent concentrations at CM2 
and Consett, the data suggests that it is carbonate 
availability that limits precipitation rate as 
opposed to Ca2+ concentration downstream of 
CM3.  This is supported by the recorded 
differences in calcite precipitation rate with 
season.  Figure 4 shows that the peak 
precipitation rates at each of the sample stations 
generally occur during summer months (infilled 
symbols). This provides further indications that 
calcite removal is a more efficient process in 
wetlands during the summer months. In addition 
to the increased microbial activity, the greater 
surface area offered by emergent macrophytes 
and precipitation nuclei from organic debris may 
assist in accelerating calcite formation during 
summer months as has been documented in 
other alkaline leachate impacted waters (e.g. 
Womble et al., 1996).  The relative importance 
of these factors is as yet unclear but is certainly a 
focus for future research efforts at this site over 
full seasonal cycles, particularly with regard 
microbial activity under high pH conditions. 
Microbial diversity in highly alkaline waters has 
been noted by workers at other slag leachate-
impacted sites (e.g. Roadcap et al., 2006). An 
improved understanding of the structure and 
functioning of microbial populations at high pH 
could assist in the development of innocula to 
ensure immigration of desirable, alkalophilic 
microbial communities at newly commissioned 
treatment wetlands. This could assist in 
overcoming the poor buffering rates 
immediately after commissioning described here 
when the ecosystem is embryonic. 
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Figure 4. Variations in calcite precipitation rate 
across wetlands at Coatham (CM2 – constructed 
wetland, CM3 – appropriated wetland) and 
Hownsgill Valley wetland, Consett (HV2; HV3 
– from Mayes et al., 2006). Infilled symbols 
represent samples taken between May-
September, no fill = measurements taken 
October-April. 
 
Trace element dynamics. Trace element 
concentrations in the CM2_IN discharge are low 
and as such a preliminary assessment of trace 
element dynamics across the wetland is better 
served by the appropriated wetland downstream 
of the trace element-enriched CM3 discharge. 
Calcite precipitation is accompanied by losses of 
Sr, Ni and V from solution in the appropriated 
wetland downstream of CM3 (see differences in 
influent and effluent concentrations in Table 1). 
The surface sorption of divalent metals onto 
calcite is widely reported (Zachara et al., 1991) 
and may represent a mechanism for the removal 
of Sr and Ni from solution in addition to the 
formation of solid phases such as Ni(OH)2 and 
strontianite (SrCO3). While these phases are 
predicted by geochemical modelling, x-ray 
diffraction analyses of secondary precipitates in 
the wetland did not detect their presence (Mayes 
et al., 2008). Future monitoring at the site will 
quantify the flux of trace elements across the 
wetlands and assess their subsequent availability 
through leaching tests. This could be an 
important factor in the handling and disposal of 
Ca-rich sludge that would be periodically 
removed from full-scale treatment systems 
(which would likely comprise a preliminary 
settlement lagoon followed by a surface flow 
wetland). Preliminary assessment of a range of 
slag disposal sites in the UK by Mayes et al. 
(2008) does suggest that concentrations of 
potentially problematic metals such as As, Cd, 
November 1-7, 2008 Indore, India 313
11th International Conference on Wetland Systems for Water Pollution Control 
Cr, Ni and V in secondary precipitates are very 
low however.  
 
CONCLUSIONS 
Buffering of highly alkaline influent waters has 
previously been documented at volunteer 
wetlands receiving alkaline drainage and could 
offer a low-cost passive remediation tool for 
treating high pH waters at some industrial sites. 
The combined constructed / appropriated natural 
wetland system described here at Coatham 
Marsh, England has been monitored for four 
months to date and after initially ineffective pH 
buffering (particularly in the newly constructed 
wetland cell), there has been a gradual increase 
in alkalinity attenuation in both wetlands which 
has coincided with the establishment of 
vegetation. Biological activity appears to play a 
key role in elevating calcite precipitation and 
thus pH buffering. Area-adjusted calcite removal 
rates increase almost two-fold (from 5.5 to 10.2g 
CaCO3/m2/day) in the appropriated natural 
wetland between early spring and summer. 
Given the apparent significance of biological 
activity, future research efforts will be focussed 
to elucidating the nature and relative importance 
of the biotic mechanisms responsible for 
accelerating calcium carbonate precipitation and 
thus buffering of highly alkaline waters across 
the wetlands. This will include assessment of the 
wetland buffering rates over full seasonal cycles, 
particularly through the constructed cell in 
winter months when leachate generation is 
increased and biological activity diminished, and 
comparative assessments of the microbial 
communities in the constructed cell and the 
relatively mature appropriated reedbed. Through 
further testing, analyses and optimisation it is 
hoped that constructed wetlands can provide a 
viable low-cost, passive approach to the 
remediation of highly alkaline waters draining a 
range of calcareous industrial by-products. 
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